ABSTRACT The suspension system of Maglev vehicle needs strong robustness and anti-jamming ability in the process of operation and fluctuation control. In order to solve the open-loop instability and strong nonlinearity of the mechanical equation of the suspension system of the Maglev vehicle, the non-linear dynamic equation is established. At present, the research based on the single electromagnet and the rigid track is the most common. However, based on this method, it is impossible to study the coupled vibration caused by track factors. Therefore, based on the dynamic equation of a single span simply supported beam of flexible track and the non-linear equation of the suspended electromagnet itself, an overall control model is needed to discuss the control strategy. Based on this dynamic model, the singularities of the system are solved according to Hurwitz criterion, and the characteristic equation corresponding to the Jacobian matrix is obtained. The stability analysis shows that the system is unstable. At the same time, the necessity of using a feedback control method to control the air gap has been proved. On this basis, a sliding mode adaptive state feedback controller for the maglev system is designed based on the RBF network approximation principle. The corresponding simulation and experimental results are given. The simulation and experimental results show that the controller can ensure the vehicle's stable suspension and effectively suppress external interference. Compared with the traditional PID and fuzzy controllers, the controller can guarantee a faster dynamic response, stronger robustness, and smaller overshoot while considering the flexible track and external disturbances.
I. INTRODUCTION
At present, many scholars have done a lot of research on the suspension performance of maglev vehicles under static suspension or periodic disturbance, and have achieved a lot of research results. It can achieve the control effect of interference identification and elimination, and has good control performance.
At present, there are many methods to implement robust control strategies, such as H ∞ control theory, sliding mode variable structure control, structural singular value theory (µ theory), Kharitonov interval theory and so on.
H ∞ control theory proposed by Zames and Doyle is an
The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Sun. important robust control technology. From the application point of view, a new area of robust control is sliding mode variable structure control. When the system is on the sliding plane, the system is insensitive to modeling errors, parameter perturbations and unmodeled external disturbances. Especially, it has good controllability to the nonlinear system, which makes it successfully applied in various fields.
Liu et al. [1] proposed a nonlinear PID feedback control method. Using the exponential function form of suspended air gap and its differential as feedback variable, the stiffness of the PID control method can be improved without affecting the performance of the system. In the process of research, Yau [2] , [3] uses back-Propagation Neural Network (BP Neural Network) method to adjust the magnification factor of proportional and integral links in PI controller on-line according to the parameters of suspension electromagnet acceleration and vehicle running speed. The simulation results show that the control method can effectively suppress the vibration of electromagnet and improve the ride comfort of vehicle. Zhang et al. [4] An adaptive PID control method based on Radial Basis Function (RBF) neural network is proposed. The RBF network is used to provide identification information to realize online adjustment of the parameter proportion and differential time constant, so as to avoid excessive overshoot caused by short-term large deviation in the process of system start-up and shutdown. The simulation results show that the method has good adaptability and anti-jamming. Song et al. [5] proposed a fuzzy Immune PID (FI-PID) control method. The immune algorithm was used to adjust the amplification coefficient of the proportional link online, while the fuzzy algorithm was used to adjust the amplification coefficient of the differential and integral link online according to the disturbance of track irregularity. The simulation results show that the control method can effectively reduce the impact of track disturbance and electromagnetic load disturbance on the system. Li [6] and Li [7] analyzed the characteristics of classical PID control and fuzzy control, and introduced the method that the quantitative factor of fuzzy control can make the scaling change. The genetic algorithm is used to optimize the parameters of the expansion factor, so that the parameters of the controller can be adjusted online according to the dynamic performance of the system. The experimental results of real-time control of the magnetic levitation ball show that the method has a good control effect on the magnetic levitation ball system. A new decoupling scheme of bearingless permanent magnet synchronous motor (PMSM) is proposed by Sun [8] . According to the characteristics of pseudo-linear system, an additional controller is designed based on 2-DOF internal model control theory, which improves the robustness of the system. Sun et al. [9] proposed a new velocity observation scheme based on the inverse method of artificial neural network (ANN). Its inversion is realized by using neural network. Successful velocity observation has been realized. The experimental results show the effectiveness of the strategy.
In this paper, the controller is designed by establishing the nonlinear model of maglev system and the dynamic model of flexible track, and the vibration caused by the change of load and the flexibility of track is analyzed. In addition, the controller of the suspension point of the whole carriage is discussed in a unified way, and the effectiveness of the control algorithm is verified on the basis of simulation and experiment. The innovation of this paper is that the general control algorithm of maglev vehicle is based on rigid track or adopts mature control algorithm to carry out dynamic analysis on flexible track. In this paper, a complex RBF network adaptive robust sliding mode control algorithm is proposed to design, simulate and experiment the suspension performance of maglev vehicle on flexible track. This is of great theoretical and practical significance for improving the popularity of Maglev vehicles, reducing the cost of track construction and improving the suspension performance of vehicles.
II. GUIDELINES FOR MANUSCRIPT PREPARATION COUPLED DYNAMIC MODEL OF VEHICLE-RAIL SYSTEM A. VEHICLE-RAIL PHYSICAL MODEL
For the suspension of Maglev vehicle, the stable suspension of single electromagnet is the precondition of vehicle suspension. Therefore, taking a single electromagnet as an example, this paper defines a basic control system of suspension gap, which consists of a levitation electromagnet marshalling, a controller and flexible track. By decoupling the solenoid coil completely, the control system can be described by Fig.1 [10] . In Fig.1 , M is the vehicle mass, A m is the area of the electromagnet pole, N m is the turn number of the electromagnet coil, I Tran is the control current, U out (t) is the output voltage of the controller, L Tran is the transfer inductance, z lev is the suspension gap, z tar is the target suspension gap, f g is the disturbance force, f lev is the electromagnetic power, R Tran is the coil resistance. The body and suspension frame are assumed to be rigid bodies. The single point levitation force is shown as (1) [11] - [12] :
By comparing and analyzing a large number of previous literatures, a more mature suspension control model based on rigid track can be obtained.
In order to analyze the effect of flexible track on the suspension performance of the system and avoid the problem of system analysis being too complicated, this paper simplifies the track beam as a simply supported beam with span, as shown in Fig. 2 [13] .
In Fig.2 , z G is the vertical deformation displacement of the track beam, z lev is the air gap under the flexible track, and L is the track span. For ease of analysis, the definitions of the remaining symbolic variables are consistent with those in Fig.1 .
Since the track is defined as a simply supported beam, the partial differential equation of Euler-Bernoulli beam vibration can be used to describe the track situation.
where, E is Young's modulus of elasticity, I is the crosssection inertia of the beam, T is the tension of the beam, ρ is the mass linear density of the beam, b is the equivalent damping coefficient of the beam, k is the equivalent elastic coefficient of the beam, and p(x, t) is the corresponding density of the distributed load on the track beam. Based on the modal analysis method, the track displacement z G can be described as:
where, ϕ n (x) is the nth order mode function corresponding to the track beam (simply supported beam) and q n (t) is the generalized coordinate corresponding to the mode function at t time. Specification ϕ n (x) for associated track mass m G and track span L can be described as:
where, track mass m G = ρL.
Hypothesis 1:
The effective length of the electromagnet is l m , and the force of the electromagnet is uniformly distributed on the length of l m .
Hypothesis 2: The sensor is installed in two segments of the electromagnet, and the electromagnet is divided into front and back control sections.
Definition 1:
The corresponding sensors of a single electromagnet are installed at x = x 0 and x = x 0 +l m respectively, and the length of the front and back segments are l m /2.
Because the stress and deformation of the front and back sections are similar, the generalized force of the front section l m /2 is calculated.
Because L l m , the track beam corresponds to the longspan beam. When l m → 0 is defined, f lev can be regarded as a concentrated force to calculate. The simplification of the generalized force Q n of nth can be described as:
Since the bending deflection of the track beam is the most important factor affecting the suspension stability of the maglev vehicle during its operation, the first order mode is selected for analysis.
It is defined that the first-order generalized force Q 1 at x = x 0 satisfies the following functional relations:
here, η 1 is the damping ratio of the first mode and ω 1 is the natural frequency of the first mode. ω 1 satisfies the following functional relationships:
Considering the vertical displacement caused by track deformation. At this time, the Eq. (1) needs to be modified:
The voltage equation of electromagnet can be described as:
The dynamic equation of levitation force can be described as:
The vertical displacement Z of the track used in Eq.(8) needs to satisfy the following equation: (13) 41876 VOLUME 7, 2019
B. OTHER RECOMMENDATIONS COUPLED STATE SPACE MODEL OF VEHICLE-RAIL SYSTEM
According to the physical meaning of each independent variable and the limitation of actual measurement ability, it can be seen that z lev ,z lev and I Tran can be measured directly by sensors, while the horizontal coordinates corresponding to z G andż G are constantly changing with the running of the vehicle, so it is impossible to measure directly. For the above reasons, the following non-singular transformations can be performed for each independent variable:
The equation of state is:
The corresponding output air gap is: y = x 1 .
III. MATH SYSTEM STABILITY ANALYSIS
The premise of stability analysis of Eq.(15) based on Hurwitz criterion is to solve the singularities of the system.
Two sets of singular point solutions of Eq. (15) can be obtained by calculation.
1)
, 0, 2Mg
Since the two solutions have the same characteristics corresponding to the equilibrium point, the solution 1) is chosen for stability analysis.
The resulting Jacobian matrix of the system can be described as:
where,
The characteristic equation corresponding to the Jacobian matrix is:
Considering the complexity of the mathematical model, it is proved that a 1 ∼ a 5 there exists a coefficient less than zero, which can prove that the system is unstable.
Matalb is used to solve the characteristic equation, and the corresponding constant A can be obtained, where the value of a 5 can be described as: 5 of Eq. (18), the instability of the system can be judged and feedback control law is needed to control the air gap.
IV. UNITS SLIDING MODE CONTROL BASED ON RBF NETWORK APPROXIMATION A. CONTROL LAW DESIGN
According to Eq.(15), the suspension system model of maglev vehicle with flexible rail is obtained. Due to the strong nonlinearity of terms x 1 and x 5 , the following definitions are given [14] - [15] :
. They are unknown nonlinear functions. f g (t) are interference terms, and f g (t) ≤ D. According to the definition above, x 1 = z lev , the levitation error e = x 1 − z tar is obtained, and the sliding mode function is s =ė + ce, where c > 0. The RBF network is used for the closed-loop control system. After all, functions f (·) and g(·) are used for the closed-loop control system as shown in Fig.3 .
The input and output algorithms of RBF network approximation are as follows:
where, x is the input of layer i in the input layer of RBF network, J is the input of layer j in the hidden layer of RBF network, h = [h j ] T is the output of Gauss basis function, W * and V * are the ideal network weights approaching f (·) and g(·) respectively, ε f and ε g are the network approximation errors. (20) Taking x = x 1 x 2 x 3 x 4 x 5 , then the input of RBF is:
where, h f (x) and h g (x) are the Gauss basis functions of RBF networks. The control law can be designed as follows:
where, η ≥ D, s = ce(t) +ė(t) is the sliding mode function. The Eq. (22) is introduced into the sliding mode function to obtain:
−f (x) + cė + ηsgn(s) where,W = W * −Ŵ ,Ṽ = V * −V . In addition,f andg satisfy the following descriptions, respectively:
The Lyapunov function is defined as:
The Eq. (21) is derived and the equation Eq. (23) is introduced to obtain:
The adaptive law is obtained as follows:
Then we can get:
Because the approximation errors ε f and ε g of RBF network are very small real numbers, the values of n can be obtained:
Then there isL ≤ 0 in the system.
B. NUMERICAL SIMULATION
The parameters of maglev vehicle suspension system are shown in Tab.1. Taking x 1 = z lev , the target gap z tar = 0.009m and the initial air gap z init = 0.016m are defined. The control law and the adaptive law (27) shown in formula (22) are adopted, and the correlation coefficient of the control law is selected as follows γ 1 = 10, γ 2 = 1.0, c = 5.0, n = 0.1. Since the value of x 1 , x 2 defines the air gap in the case of displacement of flexible track, the RBF network structure can be taken as 2 − 5 − 1 structure [18] , as shown in Fig.4 . In addition, b j = 4.75, c i = −1.25 −0.78 0 0.37 1.52 and the initial value of network weight is 0.15. In this paper, three groups of numerical simulation under different working conditions are carried out, and the comparison of PID, sliding mode control and RBF network adaptive robust sliding mode control is made. 
1) STATIC SUSPENSION IN GARAGE (UNDISTURBED)
From Fig. 5 to Fig. 6 , it can be seen that when the maglev vehicle is in the static suspension state in the garage, the control performance of the commonly used PID control law is similar to that of various advanced algorithms and can meet the requirements of suspension. However, the maglev train can not maintain a permanent static suspension state. During the operation, it will be affected by various load changes and track irregularities. Therefore, further simulation analysis is needed to verify the robustness and anti-interference of the control algorithm.
2) LOAD CHANGE INCENTIVE
In the course of vehicle operation, with the change of the number of passengers on board and off, the change of load will inevitably occur, and the change of gravity can not always be linear with the change of time, so it is a non-linear change. Define load changes for a period of time as shown in Fig.7 .
According to the load disturbance shown in Fig. 7 , the air gap and control current under different control algorithms can be analyzed. From Fig.8 to 9 , it can be seen that the robustness of the PID controller is obviously weakened under the load disturbance shown in Fig.7 . Although it can still converge near the target gap, it has obviously affected the suspension stability and ride comfort. When the disturbance increases further, it may lead to system instability or electromagnet rail smashing. At the same time, the suspension system controlled by sliding mode controller has better suspension effect under the same disturbance force, but also has small oscillation. In contrast, the proposed RBF network adaptive robust sliding mode control algorithm has the advantages of no overshoot, strong robustness, fast dynamic response and good robustness, which can ensure that the system has strong anti-jamming under certain disturbances.
3) INCENTIVE OF TRACK IRREGULARITY
The random track irregularity excitation is selected as shown in Fig.10 [16] , [17] , [19] . Assuming that the track is subject to random excitation, the track irregularity will occur. According to the irregular excitation shown in Fig. 10 , the suspension clearance and control current under different control algorithms are compared and analyzed.
The simulation results as shown in Tab.2 show that the air gap will change due to the random excitation caused by track irregularity during the operation of the maglev vehicle, which puts forward higher requirements for the robustness of the control algorithm to ensure the stable suspension operation of the train. In addition, random irregularities also affect passenger comfort. Therefore, as shown in Fig. 11 , the air gap can converge within 7 mm to 10 mm. However, the vibration caused by coupling is still relatively obvious, which will have a greater impact on ride comfort. The sliding mode controller designed in the past can effectively reduce the coupling vibration, but if the vehicle speed is increased accordingly, the requirement of suspension stability will be further improved. In contrast, the proposed RBF network adaptive robust sliding mode control algorithm can further guarantee the suspension stability, and in the face of track irregularity excitation, it can ensure the relative stability of the control current, without current mutation or impact, as shown in Fig.12 
V. VERIFICATION OF EXPERIMENT RESULTS
After numerical simulation under different conditions, a lot of experiments are needed to verify the correctness of the theory and simulation. Taking the magnetic levitation test vehicle of Tongji University National Research and Development Center of Maglev Traffic Engineering as an example, as shown in Fig.13 , the proposed RBF network adaptive robust sliding mode control algorithm is further validated on the test line, and its control performance is fully studied. In order to fully illustrate the advanced nature of the control algorithm for the current PID control algorithm. By comparing the current PID control algorithm, the control effect under load change and irregular excitation is illustrated.
The simulation results as shown in Tab.2 show that the air gap will change due to the random excitation caused by track irregularity during the operation of the maglev vehicle, which puts forward higher requirements for the robustness of the control algorithm to ensure the stable suspension operation of the train. In addition, random irregularities also affect passenger comfort. Therefore, as shown in Fig. 11 , the air gap can converge within 7 mm to 10 mm. However, the vibration caused by coupling is still relatively obvious, which will have a greater impact on ride comfort. The sliding mode controller designed in the past can effectively reduce the coupling vibration, but if the vehicle speed is increased accordingly, the requirement of suspension stability will be further improved. In contrast, the proposed RBF network adaptive robust sliding mode control algorithm can further guarantee the suspension stability, and in the face of track irregularity excitation, it can ensure the relative stability of the control current, without current mutation or impact, as shown in Fig.12 The suspension control process is shown in Fig. 15 . The air sensor is used to collect the data of air gap, and the acceleration sensor can be used to collect the change speed trend of gap between electromagnet and F rail. After data acquisition, real-time switching between digital and analog signals is carried out by A/D acquisition card, and realtime feedback is achieved by converting the collected gap digital quantities into electrical signals. The digital signal Fig. 16 is a signal transmission system between the sensor and the suspension controller. The coils of the electromagnet group interact with the suspension controller through the chopper and the current sensor. At the same time, when the suspension gap deviates from the ideal suspension clearance due to the comprehensive disturbance, the sensor signal acts on the suspension controller to keep the system relatively stable [23] - [26] .
At the same time, the sampling frequency is defined and 2500Hz frequency is adopted, which is widely used at present. The experimental parameters are consistent with those of theoretical analysis and numerical simulation, so as to verify the correctness of theoretical simulation.
Considering the objective conditions of the test, without considering the other uncontrollable disturbances, two groups of tests are conducted only for load variation and 
A. LOAD CHANGE INCENTIVE B. INCENTIVE OF TRACK IRREGULARITY
In order to compare with the control performance of numerical simulation, the experiment adopts the same irregularity excitation as numerical simulation, and disturbs the track by hydraulic system, which results in irregularity. As shown in Fig. 10 , the simulation results are shown in Figs. 20-21. As shown in Fig. 18 , under the load changing state shown in Fig. 17 , when the widely used PID controller is used, the system can converge near the desired clearance, but there are some levitation errors, which may lead to system instability if the load is further increased. In contrast, under the same load conditions, the system has better suspension performance and stronger stability under sliding mode control approximated by RBF network. At the same time, combined with the control current comparison shown in Fig. 19 , it can be shown that the controller designed in this paper can overcome a wider range of load changes, and has better anti-interference.
Similarly, when the track irregularity excitation acts on the suspension system, because the track is inherently flexible, the system will have stronger coupling vibration when there is irregularity excitation. When the system is controlled by PID, as shown in Figure 20 , the air gap varies from 6mm to 13mm with the change of excitation. However, under sliding mode control approximated by RBF network, the effect of random excitation on the system is significantly reduced, and the system is relatively stable near 9mm, which can significantly suppress the coupled vibration of train and rail, and improve the suspension stability and passenger comfort. In addition, according to Figure 21 , the control algorithm proposed in this paper can reduce the variation range of the control current under the influence of irregular excitation, and the output is more stable. The experimental results of the above two groups basically accord with the simulation results, and the control algorithm proposed in this paper is validated effectively. Therefore, it can be considered that the theoretical model and control algorithm have certain credibility.
VI. CONCLUSION
Suspension stability is the basic prerequisite for traction operation of maglev vehicles during operation. The stiffness of the track beam is relatively high when it runs on the main running line, but the cost of the track is very high. Coupled vibration may occur due to the change of track rigidity when turnout or storage is debugged and operated. Therefore, the design of a control algorithm suitable for solving the high cost of track girder is of great significance to the improvement of suspension stability and the promotion of Maglev vehicles.
Firstly, the space state equation based on simply supported beam is constructed for maglev vehicle with track deformation described by modal analysis method.The system singularities are solved based on Hurwitz criterion, and the stability analysis is carried out at the equilibrium point. According to the characteristic equation of Jacobian matrix, the importance of feedback control algorithm to ensure levitation is explained. A sliding mode control algorithm based on RBF network approximation is designed. The relevant control law and adaptive law are defined, and the RBF network structure suitable for maglev vehicles is obtained. The suspension performance is analyzed by numerical simulation for static suspension, load non-linear change and track irregularity excitation. The shortcomings of current PID controller and the advantages of sliding mode control algorithm based on RBF network approximation in anti-interference and response speed are proved. Finally, the theoretical model and numerical simulation are validated by experiments. In addition, the space state equation is established based on the flexible track, and the numerical simulation and experiment are carried out under the load change and irregular excitation respectively. In practical application, load changes and track irregularity incentives caused by passenger and passenger activities in the carriage are unavoidable. Therefore, it is of great practical significance to analyze the complex dynamic behavior between maglev railway tracks and design relevant control algorithms.
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